Xylella fastidiosa is a gram-negative plant pathogenic bacterium that causes almond leaf scorch disease (ALSD) and Pierce's disease (PD) of grape in many regions of North America and Mexico. Of the two 16S rRNA gene genotypes described in California, A genotype strains cause ALSD only and G genotype strains cause both PD and ALSD. While G genotype strains cause two different diseases, little is known about their genetic variation. In this study, we identified a putative protease locus, PD0218 (pspB), in the genome of X. fastidiosa and evaluated the variation at this locus in X. fastidiosa populations. PD0218 contains tandem repeats of ACDCCA, translated to threonine and proline (TP), upstream of the putative protease conserved domain. Among 116 X. fastidiosa ALSD and PD strains isolated from seven locations in California, tandem repeat numbers (TRNs) varied from 9 to 47, with a total of 30 TRN genotypes, indicating that X. fastidiosa possesses an active mechanism for contracting and expanding tandem repeats at this locus. Significant TRN variation was found among PD strains (mean ‫؍‬ 29.9), which could be further divided into two TRN groups: PD-G small (mean ‫؍‬ 17.3) and PD-G large (mean ‫؍‬ 44.3). Less variation was found in ALSD strains (mean ‫؍‬ 21.7). The variation was even smaller after ALSD strains were subdivided into the A and G genotypes (mean ‫؍‬ 13.3, for the G genotype; mean ‫؍‬ 27.1, for the A genotype). Genetic variation at the PD0218 locus is potentially useful for sensitive discrimination of X. fastidiosa strains. However, TRN stability, variation range, and correlation to phenotypes should be evaluated in epidemiological applications such as pathotype identification and delineation of pathogen origin.
Xylella fastidiosa is a gram-negative and nutritionally fastidious plant pathogenic bacterium that causes almond leaf scorch disease (ALSD) and Pierce's disease (PD) of grapevine (Vitis vinifera). The two diseases have recently reemerged as threats to the production of both almonds and grapes in California. ALSD and PD strains of X. fastidiosa were previously reported to be pathologically similar (8, 20) . Recent studies showed that X. fastidiosa strains associated with ALSD in California are composed of two genetically and pathologically distinct groups (1, 5, 14) . Based on single-nucleotide polymorphisms (SNPs) in the 16S rRNA gene sequences, Chen et al. (5) assigned the strains causing only ALSD to the A genotype and strains causing both ALSD and PD to the G genotype. While G genotype strains cause two different diseases, little is known about their genetic variation.
During host-pathogen interactions, plant pathogens produce a number of extracellular enzymes, including proteases, which have been extensively studied in host-pathogen interactions (7, 12, 16, 22, 32) . Proteases participate in a wide range of cellular functions, including pathogenicity, and have been detected in X. fastidiosa strains (11, 31) . Recently, a group of serine proteases were characterized from in vitro cultures of citrus variegated chlorosis disease and PD strains of X. fastidiosa (19) . A cysteine protease was found to be differentially expressed in a nonpathogenic X. fastidiosa strain (21) .
The PD0218 (pspB) locus of X. fastidiosa Temecula-1 encodes a putative serine protease that contains tandem repeats of ACDCCA, translated to threonine and proline (TP), upstream of the protease conserved domain (29) . Orthologs of PD0218 containing variable tandem repeat numbers (TRNs) also were found in the genomes of X. fastidiosa strains Ann-1, Dixon, and 9a5c (2, 24, 29) . While it has not been established for X. fastidiosa, it has been documented that other bacteria can change TRNs to modify the function of the expressed proteins during environmental adaptation, new host colonization, and pathogenicity (10, 15, 17, 18, 25, 27, 28) .
In this study, a total of 116 X. fastidiosa strains were collected from almond orchards and grape vineyards in seven different locations in California. We identified the TRN variation at the PD0218 locus of X. fastidiosa populations and evaluated the TRN variation within and between the bacterial hosts and geographical locations. The implications of TRN variation for the pathogen's biology and disease epidemiology are discussed.
MATERIALS AND METHODS
Bacterial strains. X. fastidiosa strains were isolated from ALSD-affected almond trees and PD-affected grapevines in California at the Coachella Valley (Riverside County), Fresno County, Kern County, the Napa Valley (Napa County), Santa Maria (Santa Barbara County), and the Temecula Valley (Riverside County) between August and November during 2003 to 2005. At each location, symptomatic leaves were collected from randomly selected orchards or vineyards within an approximately 20-km radius. One set of samples was systematically collected from a 14.6-ha almond orchard in Kern County. Isolation procedures were described previously (5). All bacterial strains were cultured on solid PW medium (9) at 28°C for 10 to 14 days. Bacterial cells were suspended in sterile water and used as DNA templates for PCR. For long-term storage, bacterial strains were grown in PW broth and stored at Ϫ82°C with the addition of 15% glycerol. X. fastidiosa strains Temecula-1 (causing PD) and Dixon (causing ALSD) were included as controls. Both strains were collected from California and provided by A. H. Purcell (University of California, Berkeley). Strain Temecula-1 was isolated from a grapevine in the Temecula Valley in Riverside County, and strain Dixon was from an almond tree in Solano County.
Primers and PCR procedure. The sequence of PD0218 (pspB) in Temecula-1 (AE009442) was obtained from the GenBank database at the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov). PCR primers flanking the tandem repeat region of PD0218 were designed with Primer 3 software (23). The desired midpoint temperature was set to 60 Ϯ 3°C. The designed primer set, pspB-256f/pspB-256r (5Ј-TGAGTGCCTGCGGTGGTA-3Ј/5Ј-CGAAACTTGGCAGCTAACG-3Ј), was used for DNA amplification as described previously (5). Briefly, the PCR (25 l) was carried out with the TaKaRa Taq (Hot Start Version) kit (Takara Bio Inc., Shiga, Japan). The reaction mixture contained 2.5 l of 10ϫ DNA polymerase buffer, 2.5 l of deoxynucleoside triphosphates (2.5 mM each deoxynucleoside triphosphate), 0.5 l of each of the 10 M forward and reverse primers, 1 l of bacterial suspension (ϳ10 3 CFU), 0.2 l of Taq DNA polymerase (5 U/l), and 18.3 l of H 2 O. Amplification was conducted in an MJ Research DNA Engine Tetrad 2 with initial denaturation at 96°C for 10 min, followed by 30 cycles of denaturation at 96°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. Amplification products were then stored at 4°C. Amplicons were resolved by 1.5% agarose gel electrophoresis and visualized by ethidium bromide staining under UV light. For 16S rRNA gene SNP genotype determination, the multiplex PCR procedure (5) was followed. The PCR procedure was the same as that described above, except that primers Teme150fc (5Ј-TCTACCTTATCGTGGG GGAC-3Ј) and Teme454rg (5Ј-AACAACTAGGTATTAACCAATTGCC-3Ј), specific to the G genotype, and primers Dixon454fa (5Ј-CCTTTTGTTGGGGA AGAAAA-3Ј) and Dixon1261rg (5Ј-TAGCTCACCCTCGCGAGATC-3Ј), specific to the A genotype, were used. A genotype strains were identified by the presence of an ϳ800-bp DNA fragment, and G genotype strains were identified by the presence of an ϳ300-bp DNA fragment.
FIG. 1. Alignments of amino acid sequences (A) translated from nucleotide sequences (B) of PD0218, PD0313, and PD0950 from X. fastidiosa strain Temecula-1 in the vicinity of tandem repeat regions. Tandem repeat regions are in lowercase letters. (C) Nucleotide sequence alignment of PD0218 and its closest homologs from X. fastidiosa strains Ann-1, Dixon, and 9a5c in the region flanked by primers pspB-256f and pspB-256r. In the last line of each comparison, stars indicate amino acid or nucleotide identity, single and double dots indicate amino acid similarity, and empty spaces represent dissimilarity. PCR primer sequences and the corresponding regions are in bold type.
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DNA sequencing and analysis. PCR amplicons were sequenced directly in both orientations in a 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA) with the same primers used for PCR. Homologs of PD0218 were also downloaded from the genome sequences of X. fastidiosa strains Temecula-1, Dixon (AAAL02000000), Ann-1 (AAAM03000000), and 9a5c (AE003849) in the GenBank database. Tandem repeats were counted manually. Homologous genes were identified through BLASTn and BLASTx searches against the GenBank database with PD0218 as a query. Multiple-sequence alignments were performed with the "Query-anchored with identities" option within the NCBI BLAST tool and with the CLUSTAL W program (26) through the web service of the European Bioinformatics Institute (http://www.ebi.ac.uk).
RESULTS
Annotation of the genome sequence of X. fastidiosa Temecula-1 identified three putative serine protease genes: PD0218 (2,967 bp), PD0313 (2,907 bp), and PD0950 (3,078 bp) (29) . The sequence of PD0218 was divided into four regions coding for a signal peptide, a string of tandem repeats, a conserved serine-protease domain, and an outer membrane protein domain with an autotransporter related to the type V secretion pathway. Figure 1A shows the amino acid repeats of [TP] 22 encoded by PD0218, PT(PTT) 8 PT encoded by PD0313, and [TP] 41 encoded by PD0950. For PD0218, the corresponding nucleotide repeat is [AC(A/G)CCA] 22 (Fig. 1B) . The amino acid sequence encoded by PD0218 is 90% identical to that encoded by PD0313 and 70% identical to that encoded by PD0950. Most of the variation is in the TP repeat regions due to different TRNs (Fig. 1A) . Similarly, major variations at the nucleotide level are from the tandem repeat region (Fig. 1B) .
X. fastidiosa strains Dixon and 9a5c have three PD0218 homologs, and strain Ann-1 has four. In all cases, the encoded amino acid sequence identities were greater than 70% and most of the variation was due to difference in TRNs (data not shown). Amino acid sequences encoded by the 13 open reading frames were grouped into three clusters. Each cluster contained one sequence from each of the four X. fastidiosa genomes, with the exception of strain Ann-1, where two open reading frames (ZP_00684432 and ZP_00683495) were in the same cluster (data not shown).
Primer set pspB-256f/pspB-256r generated a single predominant product from all of the X. fastidiosa strains tested, suggesting that the primer set was specific to a single locus (Fig. 2) . A comparison of pspB-256f and pspB-256r in PD0218 to the corresponding sequences in PD0313 and PD0950 is shown in Fig. 1B . Significant SNPs at both pspB-256f and pspB-256r prevented efficient amplification, if any, from PD0313 and PD0950. Comparison of sequences flanking the tandem repeat region of PD0218 homologs from the four bacterial genomes is presented in Fig. 1C . At the corresponding primer location, strain Temecula-1 was different from strains Ann-1, Dixon, and 9a5c by one SNP in the middle of primer pspB-256f. This SNP did not affect DNA amplification from strain Dixon and other A genotype strains (Fig. 2) . Among the 116 X. fastidiosa ALSD and PD strains collected from seven locations in California, TRNs varied from 9 to 47 (Table 1) , with a total of 30 TRN genotypes (Fig. 3) . TRN means, standard deviations, and ranges are summarized in Table 1 . By combining host origin and 16S rRNA gene genotype information with TRN data, four TRN groups were de- lineated: PD-G small , PD-G large , ALSD-A, and ALSD-G (Table  1) . Strains in groups PD-G small and ALSD-G had small TRNs (Ͻ25) and the same 16S rRNA gene genotype and were pathologically similar (5) . Therefore, the two groups could be merged into a single group, namely, the PD-G small -ALSD-G group. Five ALSD-A strains had TRNs smaller than 25, falling within the range of the PD-G small -ALSD-G group (Fig. 3) . TRNs from Temecula-1 and Dixon control sequences were 22 and 30, respectively, identical to those deposited in GenBank. TRNs varied among X. fastidiosa strains from each geographical location (Fig. 3) . The lowest variation was in strains from the Coachella Valley (range ϭ 18 to 17; mean ϭ 17.8 Ϯ 0.4; n ϭ 6), and the largest variation was in strains from Temecula (range ϭ 46 to 23; mean ϭ 38.8 Ϯ 9.7; n ϭ 12). Within the ALSD strains from the same almond orchard (Kern County 1), most of the A genotype strains (34/36) were in group ALSD-A. One genotype (TRN ϭ 28) was predominant (16/36 ϭ 44% among A genotype strains or 16/49 ϭ 33% among both A and G genotype strains).
DISCUSSION
The high degree of sequence similarity among PD0218, PD0313, and PD0950, as well as their homologs, indicates that all of these putative protease genes likely have the same ancestral origin. The presence of three phylogenetic clusters, each containing at least one gene from X. fastidiosa strains Temecula-1, Dixon, Ann-1, and 9a5c, suggests that, during evolution, the ancestral gene was triplicated before host specialization. While the true function of PD0218 needs to be validated experimentally, sequence data indicate that it encodes a protease that is possibly exported extracellularly through a type V secretion pathway. PD0218 may be involved in host-pathogen interactions and therefore deserves further mutation and pathogenicity analyses.
TRNs at the PD0218 locus could be described as hypervariable (Fig. 3) , as supported by the total of 30 TRN genotypes from the 116 X. fastidiosa strains. It is possible that more TRN genotypes could be found if more strains were evaluated. In addition, multiple TRN genotypes were found at all seven geographic locations studied. These findings indicate that X. fastidiosa possesses an active mechanism of contracting and expanding tandem repeats in PD0218. Furthermore, we observed that at least two TRN genotypes were present simultaneously in X. fastidiosa strains infecting the same almond tree (data not shown). It was also reported that five TRN genotypes of X. fastidiosa citrus variegated chlorosis disease strain were isolated from the same citrus tree (6) .
The presence of a predominant TRN genotype (Fig. 3 , Kern County 1) suggests that some selection pressure was acting on this bacterial population. Possible selection pressures include host resistance, host physiological status, nutrient composition, and endophytic microbial community. However, we did not Fig. 3 show that TRN genotypes varied spatially (from location to location). The molecular mechanism of TRN variation in X. fastidiosa is unknown. In general, DNA strand slippage is believed to invoke tandem repeat variations (3, 27, 30) . Important issues for future studies include when and where (i.e., other plant hosts, insect vectors, etc.) TRN variations occur, as well as if TRNs vary with passage in culture or in one strain grown on different media, such as solid versus liquid media. In the case of PD0218, the tandem repeats are part of the protease gene.
Although it has not been tested experimentally, it is speculated that a TRN change will lead to a change in gene length, resulting in modification of the expressed protein and possibly alteration of its stability, substrate specificity, and enzyme activity.
The ability to adapt to environmental changes is critical for bacterial population survival and expansion (4) . One example is the alpha C protein, a surface-associated antigen from human pathogenic group B streptococci (18) . The gene (bca) for this protein contains a series of tandem repeats that express a protective epitope. Strains from human maternal and neonatal pairs differed in the number of repeats, resulting in differences in host immunity evasion (13, 15) . Our data on G genotype strains show that grapes had both PD-G small and PD-G large strains and almonds had only ALSD-G-PD-G small strains. We analyzed the G genotype strains from two additional almond orchards in Fresno County, and only strains in the ALSD-G-PD-G small group were found (data not shown). Whether this is a result of host adaptation of G genotype X. fastidiosa remains to be studied. Nevertheless, this is the first report on genetic variation within PD strains and between PD and ALSD strains causing both ALSD and PD (G genotype).
The hypervariation of the PD0218 locus showed its potential for use in the sensitive discrimination of X. fastidiosa strains. However, TRN stability, variation range, and occurrence in various plant hosts need further study. For example, model strain Temecula-1 has a TRN of 22 at the PD0218 locus. The frequency of this TRN genotype in Temecula was 1/12 or 0.08, very similar to the frequency of 0.09 (4/45) for all 45 PD strains together. Nine (75%) of 12 PD strains from Temecula had TRNs larger than 40 (Fig. 3) , suggesting that the Temecula-1 genome sequence may not be representative of the majority of PD strains in Temecula or California at this locus. Another issue is that if TRN genotypes were generated within an orchard or vineyard and stabilized in a specific environment, it may not be appropriate to delineate pathogen origins among different locations based on TRN similarity.
